Abstract Episodic air quality degradation due to particles occurs in multiple cities in central and southern
Introduction
Cities located in valleys across central (33°S to 37°S) and southern (37°S to 42°S) Chile are often affected by severe air pollution episodes which can be significantly associated with premature mortality and other negative health effects [e.g., Díaz-Robles et al., 2015; Sanhueza et al., 2009; Valdés et al., 2012] . These events are caused by a combination of complex topography, as most of these cities are located in between the Andes and a coastal cordillera, episodic meteorological conditions that produce poor ventilation in the valleys [e.g., Garreaud et al., 2002; Rutllant and Garreaud, 1995] , and emissions due to anthropogenic activities. Historically, most of the attention has been centered on Santiago, the capital of Chile, where an air quality attainment plan has been in place since 1997 for PM 10 . This plan and its updates include multiple long-term efforts to reduce emissions and the implementation of a requirement to forecast episodes both to warn the public and to try to reduce the episode's impact by invoking temporary measures (e.g., ban wood-burning stoves and restrict private transport and dirtier industrial operations) [Troncoso et al., 2012] . The current national PM 2.5 standard is 50 μg/m 3 for the 24 h average and episode categories correspond to Alert (80-110 μg/m 3 ), Preemergency (110-170 μg/m improved tools to support air quality management plans. Although the highest pollution loads in these cities also occur in winter, the sources of pollution contribute differently than in Santiago as in these cities household heating is primarily done by use of wood-burning stoves [Sanhueza et al., 2009] , which needs to be considered when building prediction systems for these regions.
Since dispersion constraints affecting central and southern Chile (e.g., coastal lows and prefrontal conditions) typically have a scale that can affect multiple cities with severe pollution episodes simultaneously [Rutllant and Garreaud, 1995] , it would be computationally cost efficient to have one combined episode prediction tool. However, due to the large heterogeneity of these cities (e.g., size, topography, and pollution sources), it is not evident that a single prediction system is feasible to implement. Forecasting pollution at a national scale is a common practice in other countries, where air quality predictions are generally based on chemical transport models (CTMs) or coupled chemistry-meteorology models (CCMMs) [Baklanov et al., 2014; Zhang, 2008] . Examples of these models include GEM-MACH [Moran et al., 2010] for Canada (https://weather.gc.ca/), WRF-CMAQ [Foley et al., 2010] for the United States (http://www.airnow.gov/), CCATT-BRAMS [Longo et al., 2013] for Brazil and South America (http://meioambiente.cptec.inpe.br/), and multiple ones for Europe (http://atmosphere.copernicus.eu/). CTMs and CCMMs have been used in the Chilean region for multiple applications, including studying transport of pollution [Gallardo et al., 2002; Schmitz, 2005] , evaluating and constraining emission inventories at the city scale [Jorquera and Castro, 2010; Saide et al., 2011a] , designing air quality networks [Henríquez et al., 2015] , estimating health benefits of pollution control strategies [Mena-Carrasco et al., 2012] , evaluating regional climate feedbacks , exploring aerosol sources and interactions with clouds in the Southeast Pacific [Saide et al., 2012b; Spak et al., 2010; Twohy et al., 2013; Yang et al., 2011] , and developing novel data assimilation techniques [Saide et al., 2012a] . To our knowledge, there are no studies evaluating CTMs or CCMMs for pollution episodes in Chilean cities other than Santiago. Also, there are no studies assessing the day-to-day variability in woodburning-stove emissions and their impacts on aerosol concentrations.
As episode categories are based on 24 h running averages and they are often associated with weather conditions that last longer than a day, episodes tend to occur in a consecutive manner, which is why persistence can often be an effective way to forecast pollution events. However, forecasts have to be issued by law no later than 8 P.M. local time; thus, a persistence forecast with a full record of observations is not feasible. As shown in Saide et al. [2011b] , an advantage of having a forecasting tool able to predict episodes 2 or 3 days in advance (only possible with CTMs or CCMMs) is that it can allow authorities to effectively take contingency measures to try to avoid or ameliorate critical air pollution events. Saide et al. [2011b] show that episodes are the result of multiple days of accumulated emissions and that same day emissions can often contribute only a small fraction of the observed pollution during an episode. This allows, for example, decreeing wood-burning bans in advance of a forecasted pollution episode in order to prevent pollution accumulation instead of reacting to episodes that have already unfolded.
This study aims to answer the following scientific questions: Is it feasible to build a near-real-time forecasting system tailored at predicting severe episodes of pollution for multiple cities in central and southern Chile? What are the processes that need to be represented in the system to improve its predictive skill? Can the episodes be predicted more than 1 day in advance and is the skill of the system better than persistence? Can the system help guide future station deployments in cities with no monitors? The methods used in the development of the forecasting system are presented in section 2 and an evaluation of the model and analyses of case studies are discussed in section 3. Conclusions, future directions and needs for further developments of the system are presented in section 4.
Methods
Temuco, 1 in Valdivia, and 1 in Osorno) are used in this study. The time the monitors have been in place depends on the site, with the older stations going back to 1997 in Santiago. All the observations are publicly available through the National System of Air Quality Information (http://sinca.mma.gob.cl/) where details on the full suite of instruments and time of deployment can be found. The stations were equipped with at least PM 2.5 (beta attenuation Met One BAM-1020), relative humidity, temperature, and wind speed (combination of LSI Lastem and Met One instruments) monitors during the study period. Data are available on an hourly basis. We also use observations of PM 2.5 and CO for 2009, which is the last year with a full record of PM 2.5 and CO observations for a city other than Santiago (Temuco). All of these stations are maintained by the Chilean Ministry of the Environment. The Superintendence of the Environment oversees quality control and whether these sites are representative of the air quality of the cities in which they are deployed. As beta attenuation monitors have been found to comply with U.S. Environmental Protection Agency PM 2.5 standards for hourly observations [Gobeli et al., 2008] , we use in our analysis the thresholds of these standards as conservative lower and upper limits for the measurement uncertainties (i.e., ±10% or ±2 μg/m 3 , whichever deviates more). Uncertainties of temperature and wind speed measurements used in this study are relatively much lower (e.g., LSI LASTEM DNA727 (wind speed) and DMA675 (temperature) used in multiple stations have uncertainties < = 1.5% and of 0.04°C, respectively); thus, they are not included in the analysis.
Additionally, daily precipitation observations maintained by the Chilean Ministry of Public Works (http://snia. dga.cl/BNAConsultas/reportes) and located in each city studied are used. These correspond to stations Oficinas Centrales DGA (Santiago), Cachapoal-DCP (Rancagua), Curicó, Universidad Católica de Talca, Chillán Viejo, Los Angeles, Temuco Centro, Universidad Austral (Valdivia), and Adolfo Matthei (Osorno).
Modeling System
The forecast system is designed based on the approach by Saide et al. [2011b] in which CO is used as a proxy of PM 2.5 in lieu of their high correlation during air quality episodes (see section 2.4). The online chemical [Grell et al., 2005; Skamarock et al., 2008] version 3.6.1 is used to advect inert tagged tracers. The domain configuration is shown in Figure 2 , with a coarser and inner domain of 10 km and 2 km horizontal grid spacing, respectively, which interact through two-way nesting. The coarse domain coverage is chosen to resolve the regional meteorology and allow a sufficient area to spin-up clouds over the ocean, while the inner domain is focused on central and southern Chile. The standard longitude for the domain projections (equal to À57.0) is chosen to obtain a slightly tilted inner domain in order to have full coverage of central and southern Chile and to minimize the number of grid cells on the west-east axis (see Figure 2) . The vertical resolution (39 levels up to 100 hPa) is chosen to have the first layer at 10 m and six levels below 100 m. Saide et al. [2011b] provide an evaluation of the parameterizations that can be used for the region; thus, we use a similar configuration: no parameterized horizontal diffusion in the inner domain, Mellor-Yamada Nakanishi Niino (MYNN) boundary layer [Nakanishi and Niino, 2004] with no lower limits on the vertical diffusion coefficients, Rapid Radiative Transfer Model (RRTM) longwave radiation [Mlawer et al., 1997] , Dudhia shortwave radiation [Dudhia, 1989] , Noah Land Surface Model [Chen and Dudhia, 2001] , and WRF Single-Moment 3 class scheme cloud microphysics [Hong et al., 2004] . The Grell-Freitas cumulus scheme [Grell and Freitas, 2013] is used for the coarser domain as it is recommended at this resolution for 1-3 day forecasts (http://www2.mmm.ucar.edu/wrf/users/). U.S. Geological Survey (USGS) land use categories were used but the urban land cover was replaced with the Moderate Resolution Imaging Spectroradiometer one [Friedl et al., 2002] as it is outdated in the USGS database [Saide et al., 2011b; Yu et al., 2012] . A similar model configuration was also used in previous studies [Mena-Carrasco et al., 2012 , 2014 .
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Once per day, multiday simulations are performed using an operational basis setup. Initial and boundary meteorological conditions are obtained from National Centers for Environmental Prediction (NCEP) Final Analysis (FNL, http://rda.ucar.edu/datasets/ds083.2/, available every 6 h) and from NCEP Global Forecasting System (GFS, http://rda.ucar.edu/datasets/ds084.6/, available every 3 h). The model is initialized from the 00 UTC FNL analysis and runs for 1 day with FNL boundary conditions. The simulation is then reinitialized from the WRF restart file and the 00 UTC GFS cycle is used as boundary conditions for a 4 day long simulation. Tracer concentrations, soil temperature profiles, and snow accumulations are used as initial conditions for the forecast the next day. On the operational setting, the first 2 days of the simulation account for spin-up and the last 3 days are considered as a forecast. These 3 days are labeled as day 1, 2, and 3 of the forecast. Thus, there are three forecasts for each specific day, which are used for calibration and performance statistics. The extended spin-up setup is based on previous experience of the Chilean Meteorological Service when performing near-real-time air quality forecasts for Santiago using the system described in Saide et al. [2011b] , as it was found it provided better performance for the first day forecast than initializing from the most current GFS without spinup. This is consistent with our results for central Chile (see section 3).
Emissions Inventory
Two tagged tracers are implemented representing sources with strong day-time ("traffic" tracer) and nighttime ("wood-burning" tracer) emissions. The traffic tracer emissions of CO are spatially distributed using population maps [Saide et al., 2009; Tuia et al., 2007] and temporally distributed using a diurnal traffic pattern provided by traffic authorities, which has been found to provide good agreement to air quality observations [Saide et al., 2011b] . Wood-burning-stove emissions are spatially distributed using population for all Chilean administrative divisions (Regions), except for the Metropolitan Region (which includes Santiago), where the distribution is based on the number of houses with wood-burning stoves per municipality obtained through surveys [CDT, 2012] . Two types of diurnal cycles are used for the temporal distribution of wood-burning-stove emissions. For cities in central Chile (Santiago, Rancagua, Talca, and Curicó) a diurnal cycle with only nighttime emissions is applied (peak use from 6 P.M. to 2 A.M. local time (LT), no emissions from 4 A.M. to 4 P.M. LT). For cities in southern Chile (including Chillán, Los Angeles, Temuco, Osorno, and Valdivia) wood-burning stoves are often active throughout the night and some are kept on during the whole day; thus, the cycle is modified by increasing the length of the peak hour window (6 P.M. to 4 A.M. LT) and by setting 20% of the peak activity from 6 A.M. to 4 P.M. LT. Using these spatial and temporal profiles, the same total amount of CO emissions by Region is distributed for each tagged tracer. The contribution of the tracers to modeled PM 2.5 in each city is set later in the calibration stage. CO emissions for each Region were obtained from estimates made for supporting Chilean air quality standards [DICTUC, 2011] . These correspond to 37 kton/yr for Region VI (Rancagua), 40 kton/yr for Region VII (Curico, Talca), 27 kton/yr for Region VIII (Chillan, Los Angeles), 26 kton/yr for Region IX (Temuco), 20 kton/yr for Regions X and XIV (Osorno and Valdivia), and 106 kton/yr for the Metropolitan Region. Figure 3 shows strong correlations (R = 0.97) between 24 h averages of observed PM 2.5 and CO for Temuco and Santiago. Although there is evidence of a substantial contribution of secondary aerosol to the particulate matter budget [Jorquera and Barraza, 2012; Villalobos et al., 2015] , the strong correlation between CO and PM 2.5 for concentrations during episodes indicates that a proper episode forecast can be achieved by modeling an unreactive and primary-emitted pollutant (CO at the city scale) and using an empirically based conversion to obtain PM 2.5 concentrations [Saide et al., 2011b] . Therefore, computing power is dedicated to resolving the transport of passive tracers at high resolution (2 km) for a large area as opposed to full chemistry and aerosol simulations which are more computationally expensive.
PM 2.5 Forecasting
The tagged tracers' concentrations representing traffic (Tr_T) and wood burning (Tr_WB) are converted to hourly PM 2.5 concentrations using the following equation:
where the indices t and s represent time and station, respectively, Tr_to_PM is the factor that converts tracer to PM 2.5 concentrations for each station, Weekend_eff is an inflation factor to account for differences within 
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weekday and weekend activity, F_WB denotes the fraction contributed by wood-burning stove sources to total concentrations, Teff_WB represents the fraction of wood-burning stoves started when the temperature drops to T_mean (running mean centered in the time t), and N s is the set of eight spatial neighbors of each station s in the model grid. Each of these components is explained in detail in section 3.2. In equation (1), the maximum concentration within the model grid cell where each station is located and the neighboring grid cells (s ∪ N s ) is used to take into account temporal (plume might be shifted in time) and spatial (plume might miss a station) modeling errors and has been found to improve model performance [Kang et al., 2007] . On the other hand, this choice might generate false alarms if a plume missed a monitor, in which case predicting an episode would still be desired to alert population or implement contingency measures.
We developed a calibration strategy oriented toward fitting episode statistics rather than hourly PM concentrations [Saide et al., 2011b] , as predicting episodes is the main objective of this system. If Tr_to_PM factors are too small then they would produce a poor fitting to the observed episodes due to the lack of episodes forecasted by the model, while factors that are too large would better predict episodes but with too many false alarms. To find a balance, we chose the Tr_to_PM factor for each station that generates the same number of episodes (i.e., the total number of alerts, preemergencies and emergencies, all summed together) in the model as in the observations for the period studied (April-August 2014). However, as the forecast system produces three forecasts for each day, the criteria for calibration is to find the factors that match the number of observed episodes with the average number of episodes obtained by the three forecasts. The factors are adjusted for each station as there could be emission gradients and subgrid-scale processes not resolved by the 2 km resolution of the model which would not be considered if the calibration was made for each city.
A simple and efficient algorithm was developed to find the tracer to PM factors (Tr_to_PM) for given values of the other factors (Weekend_eff, F_WB, and Teff_WB). First, the number of modeled episodes (mean across the three forecasts) generated by three selected Tr_to_PM factors is computed. Two of these factors are selected as very low (10 μg/m 3 /ppm) and very high (2000 μg/m
Results and Discussion
Simulations were performed using the configuration described in section 2. In the next sections these simulations were used along with observations to evaluate the meteorological performance of the forecasts, calibrate the PM 2.5 model, assess the episode predictive skill, and study the evolution of severe pollution events.
Evaluation of Meteorological Forecasts
It is important to evaluate the accuracy of the temperature forecasts over the cities studied as they are used to postprocess the wood-burning-stove tracer (see section 3.2). Figures 4a and 4b show the time series of 24 h running mean temperature for a station in Temuco as a representative example for cities in southern Chile. The three forecasts follow the observations generally with good skill (mean bias and error for all forecasts are~À0.6 C and~1.0 C, respectively). There are periods of 2 to 7 days where performance seems to degrade persistently for all forecasts, probably due to biases in the global model forcing the simulations. These multiday persistent biases need to be taken into consideration by the forecaster when producing a forecast in near real time as they could impact episode forecasts for places with large wood-burning-stove emission contributions (see next section).
A good indicator of how well the forecasts follow the temporal trends in the observations is the correlation coefficient (R), shown in Table 1 showing that temperature forecasts can be used with confidence when modeling the wood-burningstove tracer. Also, the correlation and mean bias for temperature is similar for all three forecast days at each station and generally slowly degrades for earlier initialization times. This is encouraging as a future implementation of the forecasting system could use the previous day forecast to compute temperature dependent wood-burning-stove emissions.
Another important meteorological variable to assess for air pollutant transport is the wind speed, as large values will result in the ventilation of the region, while low values will favor the accumulation of pollutants. This is depicted by the correlations found between observed PM 2.5 and wind speed (R ranges from 0.49 to 0.62 for the 24 h mean). Figures 4c and 4d show 24 h running average wind speed. Modeled wind speed is biased high for most sites (bias ranges from 0.2 to 1.8 m/s for stations with a full record) which is typically found for WRF simulations in complex terrain if the effects that the unresolved topographic features exert over the momentum flux are not parameterized [Jiménez and Dudhia, 2011] . A parameterization for topographic effects is not included in the configuration as it is currently not implemented for the boundary layer scheme used. Also, the model is not configured to include an urban canopy parameterization (detailed urban land cover was not available) which could contribute to the bias in wind speed as the air quality stations are located within city limits and observe local winds. Parameterizations that improve the representation of urban canopy and topographic effects should be explored in the future to assess if it helps in reducing the wind speed bias. Regardless of these biases, the model shows good representation of strong and calm wind events; it is able to represent the observed correlations between PM 2.5 and wind speed (modeled R range is 0.48-0.62 for day 1 forecasts), and, as will be shown in section 3.3, it presents good skill for predicting pollution episodes.
Wind speed performance shows distinct patterns that differ from those for temperature (Table 1) . First, the range of correlations is wider (0.51 to 0.9) with a tendency toward lower correlations for cities in central Chile and increasing toward the south. Part of this difference is due to larger observed wind speeds in the south, which the model is able to resolve better compared to low wind speeds (e.g., R drops from 0.9 to 0.77 for the first day forecast in Padre de las Casas II when considering only wind speeds lower than 2.5 m/s). For instance, wintertime 24 h mean wind speed in Santiago (Cerro Navia) is always lower than 2.5 m/s for the period analyzed, while this value is commonly exceeded in the cities to the south. However, even after computing correlations for observations below 2.5 m/s, stations in the south still show better correlations than the ones in central Chile (R for all forecasts in Santiago and Rancagua is lower than the R of 0.77 cited earlier for Temuco). The relatively less complex topography toward the south (Figure 1) which the model is able to better resolve might explain the better performance in the south. Second, there can be substantial differences in wind speed performance for different initializations in each station. From Talca to the south there is a clear decreasing trend in performance for forecasts initialized earlier, while for Santiago and Rancagua the forecast for day 2 shows better performance than for days 1 and 3. This behavior is also found for most stations in Santiago (only Cerro Navia shown in Table 1 , not shown for the rest) and will have implications in the episode forecasting skill (section 3.3). As stated in the methods section, the system performs 2 days of spin-up. Although this is beneficial for predictions in Santiago and Rancagua (likely due to the need for spin-up to let the high resolution model better resolve the more complex topography and land-sea transitions), future implementations should assess if simulations with less spin-up (i.e., initialized directly from GFS) produce improved forecasts for the cities in the south due to the better performance shown by the most current forecasts in these cities.
Wind roses ( Figure 5 ) can be used to assess the performance of modeled wind speed and direction. Modeled wind roses do not vary significantly with initialization (not shown), so only day 1 forecasts are shown in Figure 5 . In general, the area covered by the <1 m/s wind speeds in the observations is larger than in the model, which is indicative of the high bias in wind speeds mentioned earlier. The model captures the predominant wind directions in each station within 30°with two exceptions: Curicó and Valdivia. For Curicó there is a large bias in the representation of the northerly winds, which the model shows as easterly. This is likely because Curicó station is located~300 m to the northwest of an isolated hill found within the city boundaries 
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(Condell Hill,~80 m high) which the model is not able to resolve. The model shows poor skill in representing the wind directions for Valdivia, likely due to the inability to reproduce the topography at 2 km resolution as Valdivia is surrounded by steep hills (Figure 1) . Also, Valdivia is the only city studied that is next to the ocean; thus, problems resolving the sea-land breeze through the river connecting the ocean and the city might also contribute. Biases in wind direction in other stations are also likely related to the representation of topography; thus, future configurations should explore if increasing model resolution resolves these biases and improves air quality forecasts.
In Chile, rain is usually associated with frontal passages which tend to bring marine air into the basins resulting in a reduction of pollution, which is why it is also important to evaluate the model skill to capture precipitation. Figure 4e shows that for Temuco the model captures most rain events with precipitation amounts usually within the spread of the initializations, which is the case for all cities. In terms of the correlations (Table 1 ) they tend to show large spread (0.21-0.82). Rain occurs less often in central Chile compared to the south. For instance, daily totals of over 10 mm were recorded only on 6 days in Santiago and Rancagua for the whole period, while to the south it happened on 15-28 days. This is why there is large variability in the correlation coefficients from different initializations in Santiago and Rancagua, as R is going to be driven by the skill in predicting a few large values. To the south (Curico-Osorno) the spread in correlation values among different initializations is less and there is no clear trend on which initialization shows the best skill. Similarly to wind direction, Valdivia shows the worst skill likely for the same reasons (very complex topography and proximity to the ocean).
Processes Affecting the PM 2.5 Forecast Skill 3.2.1. Traffic and Wood-Burning Tracers Contribution
According to previous studies, the contribution of wood-burning-stove emissions to PM 2.5 in winter is estimated to be in the range of 10-40% for Santiago [Jorquera and Barraza, 2012; USACH, 2014; Villalobos et al., 2015] and up to 90% for cities in southern Chile [e.g., Sanhueza et al., 2006] . The difference in contribution of sources is also evident when comparing the slopes of the CO to PM 2.5 relationship (Figure 3) , where the slope for Temuco is more than three times larger than for Santiago, as the PM 2.5 to CO emission ratio is much larger for wood-burning stoves than for other sources [CONAMA, 2007] . Thus, the contribution of wood-burning to total concentrations (F_WB) by city needs to be considered in the PM 2.5 computation. By applying the algorithm described in section 2.4, we found a progressive increase in F_WB from north to south, with values of 0.3 for Santiago and Rancagua, 0.8 for Curicó, Talca, Chillán, and Los Ángeles, and 0.9 for Temuco, Valdivia, and Osorno. Compared to Saide et al. [2011b] , the wood-burning smoke contribution remains the same for Santiago.
Weekend Effect
There is higher likelihood of episode occurrence during weekends compared to weekdays for multiple cities in central Chile for the period studied. For instance, considering the number of episodes for all stations in a city, there were 137%, 34%, and 38% more episodes on average for weekend days than for weekdays in Santiago, Rancagua, and Talca, respectively. The cities in the south do not show this behavior (e.g., for Temuco there is only a 2% difference) probably because the main source of pollution comes from woodburning stoves. The weekend inflation factors are obtained by applying the calibration approach with values of 1.4 for Santiago, 1.2 for Rancagua, 1.3 for Talca and Chillán, and 1 for the rest of the cities. Weekend inflation factors are incorporated into the PM 2.5 model (equation (1)) and applied from 6 P.M. LT on Friday to 6 P.M. LT on Sunday to scale activity, which is hypothesized to increase during Friday and Saturday nights and to play a major role in episode occurrence [Saide et al., 2011b] . The skill in predicting episodes improves when including a weekend inflation factor, as the overall (i.e., all forecasts combined) percentage of correctly forecasted episodes increases from 67% to 72% in Santiago, 64% to 69% in Rancagua, 57% to 63% in Talca, and 63% to 67% in Chillan for the most polluted stations.
Temperature Effect
The use of wood-burning stoves in central and southern Chile is mainly related to heating [Gómez-Lobo et al., 2006] . Thus, it is expected that pollution episodes are associated with colder days due to larger wood-burning emissions. This is shown in Figure 6a for Temuco (Padre de las Casas II), where significant differences (statistical testing was performed using a two-sample t test to assess statistical differences between temperature distributions at the p = 0.05 level) in temperature distributions are found for days with episodes compared to all days (p = 0.0001), with temperatures being shifted toward lower values for episode days. On the other
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hand, the modeled distribution of temperature for all times and during episodes is not significantly different (p = 0.32) when a temperature correction is not included (Figure 6b ), which suggests that episodes at low temperature are associated not only with a large-scale stability condition but also to increased emissions during these days.
The temperature dependence is included by applying a factor (Teff_WB in equation (1)) to the wood-burning tracer concentrations to model the fraction of stoves that are started as a function of ambient temperature. This factor is not applied directly to emissions as a temperature forecast would be needed to estimate emissions before starting the simulation. Also, applying the factor to concentrations instead of emissions makes the calibration process faster as it is done in a postprocessing step. Otherwise, if the factor were to be applied to emissions, simulations for the 5 months of study would have to be performed for each Teff_WB tested in the calibration stage, which would be restrictive in terms of the computational resources. The temperature running mean (T_mean) is used to smooth the temperature diurnal cycle and to buffer the response of changes in wood-burning stove use to sharp temperature changes, as there is a delay between the change in ambient temperature and the action to turn on or off wood-burning stoves.
Teff_WB is equal to 1 (all stoves turned on) for low temperature values up to a minimum temperature threshold, then it decreases down to a maximum temperature threshold, where Teff_WB = 0 (all stoves are off) for all temperatures above that threshold. The minimum and maximum temperature thresholds and the shape of Teff_WB for connecting them are found by using the strategy explained in section 2.4. The possible values (Figure 6a) , with upper (10-14°C) and lower limits (4-8°C) when a small and a large fraction of episodes were observed, respectively. The temperature thresholds that provide the best model skill are 6°C and 12°C, while the shape selected was parabolic with its symmetry axes at 12°C (linear and inverse exponential shapes were also tested). Thus, the temperature correction factor is defined as As seen in Figure 6c , the modeled temperature histograms for all hours and episode hours are significantly different after applying Teff_WB (p = 0.0002) and show the same trend of shifting episodes toward lower temperatures as in the observed histograms (Figure 6a ). Also, observed and modeled temperature histograms for episode days are very similar to each other after the temperature correction (i.e., distributions go from significantly different (p = 0.0003) to no significant differences (p = 0.6)). Significant improvements are found in forecasting skill when including the temperature correction for wood burning. For instance, the percentage of episodes accurately predicted in Temuco (Padre de las Casas II) increases from 45% to 71% considering all forecast days, showing the importance and power of including the temperature dependence of wood burning in regions which rely heavily on it as fuel for heating.
On the other hand, Figures 6d-6f show the histograms for Cerro Navia station in Santiago. The model histograms are shifted toward lower temperatures compared to the observed ones (which generate significant differences between model and observations, p < 0.0001) because model temperatures are biased high (see also Table 2 ). This bias is a general trend for all stations in Santiago (1-3°C bias) and occurs likely due to an overestimation of the sensible heat flux over large urban areas in the NOAH land surface model [Lee et al., 2011] . The two observed histograms for all times and episode times (Figure 6d ) are much more similar to each other than the ones in Temuco (Figure 6a ). However, there are still significant differences within the observed histograms for Santiago (Figure 6d , p = 0.0044), as episodes are more frequent for middle temperatures (8-10°C), while they are much less likely to happen for the higher temperatures (14-19 C). Despite there being a high bias, the same trend is shown by the two model histograms of temperature that do not include a temperature correction for wood burning (Figure 6e , p < 0.0001), i.e., episodes are more and less common at middle (8-14°C) and higher (17-22°C) temperatures, respectively. Thus, in Santiago the differences between observed temperature histograms for all times and episode times are likely not related to greater wood-burning emissions occurring on colder days as in the south but to specific synoptic patterns controlling episode conditions [e.g., Garreaud and Rutllant, 2003; Garreaud et al., 2002] . Also, there is little change in the histograms when applying the temperature correction (Figure 6e versus Figure 6f ) as wood-burning emissions in Santiago are considered to contribute 30% to PM 2.5 forecasts (see section 3.2.1). a Days 1, 2, and 3 represent the different initialization times, while "All" shows the overall skill. The persistence forecast skill is also shown (Pers).
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3.2.4. Tracer to PM Factors Using the calibration process described in section 2.4 and applying equation (1) with conversion factors outlined in sections 3.2.1, the final Tr_to_PM factors are obtained ( Table 2 ). The range of Tr_to_PM values is wide (57-1273 μg/m 3 /ppm) which can be due to multiple reasons. For instance, there are differences in the CO emission inventories assigned to each city (see section 2.3) and there could be biases in them (e.g., observed slopes in Figure 2 do not match the corresponding Tr_to_PM values). Other potential reasons for the wide range of Tr_to_PM values include differences in emissions sources between cities (e.g., cities dominated by wood-burning-stove emissions have larger PM to CO ratios, see section 2.4) and subgrid processes not resolved by the 2 km resolution (e.g., large spread of factors for stations in Temuco, probably due to the close proximity of Museo Ferroviario to the northern hills). Figure 7 shows an example of 24 h running average PM 2.5 concentrations for the most polluted station in Temuco. The ensemble of forecasts generally follows the observed trend but with substantial variability among initialization times. The ensemble variability is generally larger than the measurement uncertainty and often results in different categories of pollution predicted for the same day. Figure 7 also shows that concentrations at the episode level (>80 μg/m 3 ) can last from a few hours to multiple days. The model is able to represent the observed distribution of episode lengths (not shown). For instance, for Padre de las Casas II station there were 13 (13-17 in the forecast) episodes less than 24 h long, 5 (6-10 in the forecast) episodes within 1-2 days long, and the rest (6 observed, 6-8 modeled) 3-6 days long. The model tendency of slightly overestimating the amount of shorter episodes could be related to the overestimation of wind speeds, as pollution could get advected out of the basins faster in the model.
Predictability of Pollution Episodes
The skill of the system in predicting episodes and the associated false alarm rate is shown in Table 2 . The model's ability to predict episodes depends on multiple factors. First, more accurate weather forecasts (including wind speeds and temperatures) should provide better representation of pollutant transport and wood-burning emissions corrections and lead to better PM 2.5 predictions. As mentioned in section 3.1, wind speeds from the most current forecasts for stations from Curicó to the south tend to have better skill, which is also shown for many of these stations for episode prediction. For Santiago and Rancagua the trend shifts and better skill are shown by the day 2 wind speed forecast, which is also replicated for stations Pudahuel and Rancagua II for episode prediction skill. Although modeled wind speeds in Cerro Navia (Santiago) show the lowest correlation for day 3 forecasts, they also show the lowest bias (Table 1) as the forecasts initialized earlier tend to show lower wind speeds and thus reduce the high bias with respect to observations. Lower wind speeds produce higher chances of producing episodes (day 1 and day 3 initializations forecast episodes for Cerro Navia 26% and 35% of the time, respectively), and thus, higher likelihood of accurately predicting episodes as more episode days are forecasted, which also generates higher chances of false alarms. This explains why the day 3 initialization shows the best performance but the higher false alarm rate for Cerro Navia (Table 2 ). Skill in representing wind direction is also an important factor when reproducing episodes at Valdivia and Curicó, which are the stations with the lowest overall episode predictive skill (Table 2) , and are also the ones with problems resolving wind direction (see section 3.1). Finally, the more common episodes are for a given station (i.e., larger number of days with observed episodes, Table 2) the higher the chances for being correct when predicting them as the chances of guessing correctly (i.e., episode prediction skill) increase from a probabilistic point of view. For instance, stations Pudahuel and Cerro Navia in Santiago and Las Encinas and Padre de las Casas II in Temuco are less than 2 km away from each other (Figure 1 ) which results in them being in neighboring grid cells, so model predictions should be similar. However, episodes are observed more often at Cerro Navia and Padre de las Casas II stations; thus, the model shows better prediction skill in these sites ( Table 2) .
As episodes can often last longer than 24 h, persistence (i.e., forecast the pollution category that was observed on the previous day to occur the next day) might be a good forecasting strategy; thus, we compare it to the forecasting system skill ( Table 2 ). The overall prediction skill and false alarm rate from all three initializations generally do better than persistence (in 9 out of 12 stations shown in Table 2 ), and when the overall scores do worse, the first day forecast does similar or better than persistence.
Episode Dynamics and Evolution
An advantage of using a model that predicts three-dimensional concentrations is that it can be used to help understand how episodes develop. We selected episodes occurring in Temuco and Osorno as two cities representing locations of moderate to complex topography. One episode for each city was chosen that represents typical patterns of stagnation before sundown and that was well captured by the forecasts. 3.4.1. Temuco Observed 24 h average PM 2.5 concentrations are accurately predicted by the model for the episode on 3-5 August that affected Temuco, as for these days the spread of the forecasts is narrow and the observations are contained within the spread (Figure 7 ). This pollution episode is not one of the most extreme ones in the study period but it is still severe as it reached preemergency levels at Padre de las Casas II station and Alert levels at the other two stations in Temuco for two consecutive days. Also, this episode is a good example of the abrupt transition from fairly clean to severely polluted conditions. Hourly concentrations generally peak at nighttime, and Figures 8a-8c show the evolution of the first night of the episode. Temuco is located in an area of complex topography in the Cautín river basin in between two hills, the Ñielol to the north, and the Conunhueno to the south. As shown in Figure 8a , low concentrations are found in the afternoon due to deeper boundary layer mixing and persistent westerly flow across the domain. When the boundary layer collapsed on the evening of 3 August the winds suddenly became stagnant in the valleys which, together with the evening emissions associated with wood-burning stove use and traffic, increased evening PM 2.5 from~5 μg/m 3 to over 500 μg/m 3 in a period of 5 h, which are accurately predicted by the model (Figure 8b ). After reaching peak concentrations, winds from the northeast slowly flushed pollutants out of the basin throughout the rest of the night (Figure 8c ). Other episodes in the period of study reached similar peak concentrations but they remained high for longer periods due to a slower flushing of the basin, thus increasing the 24 h average and reaching Emergency pollution levels (mean 24 h PM 2.5 above 170 μg/m 3 ).
As shown in Figure 7 , the model simulation of the 4-5 August episodes shows some variability with respect to initialization (~50 μg/m 3 spread). Similar analysis as those shown in Figures 8a-8c was performed for the regional winds, which resulted in model concentrations reaching Alert pollution levels instead of preemergency levels as shown by the 2 August initialization. The spread between initializations can be much larger for other episodes (Figure 7 ), sometimes resulting in one initialization predicting no episode, while another one Emergency for the same day (e.g., 7 and 13 July).
Osorno
On 8 August, the Osorno station reached 24 h average values of~200 μg/m 3 surpassing the Emergency level threshold. The model was able to capture the evolution of this pollution episode very accurately (Figures 8d-8i ). Although Osorno is not located in a region of such complex terrain as Temuco, it lays in a basin which, given conditions of poor vertical mixing, can trap pollution and produce episodes. Some accumulation of pollutants was found on the night of 6 August; thus, at 4 P.M. on 7 August background pollution levels were higher than usual (Figure 8d versus Figure 8a ). Similarly as in Temuco, severe stagnation occurred producing a rapid increase in pollution levels reaching hourly concentrations of 800 μg/m 3 by 10 P.M. (Figure 8e ). (1) with Tr_to_PM values from Padre de las Casas II and Osorno stations ( Table 2) .
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Stagnation continued throughout the night and the plume meandered in the basin from Osorno toward the northeast without being able to exit the basin (Figures 8f and 8g ). This plume together with fresh morning emissions also produced large pollution levels during the day (Figures 8h and 8i) . As shown in Figures 8d-8i , smaller neighboring towns without air quality monitors also were predicted to have large levels of pollution and be affected by the Osorno plume because they are located in the same basin. Thus, implementing monitors in towns within the same basin of highly polluted cities should be considered in the future.
Conclusions
Severe air pollution episodes regularly affect several cities in central and southern Chile during the winter season. However, the skill of models in simulating meteorological and air quality measurements has not been evaluated for most of these cities and forecasting tools are limited. Here we develop and evaluate a near real time forecasting system able to predict the episodes 1 to 3 days in advance for nine cities.
The system is based on the WRF-Chem model configured at fine horizontal resolution (2 km) to resolve the complex topography, stability and stagnation conditions, and anthropogenic sources. Due to the high correlation between particles and CO, two inert tracers (traffic and wood burning) are used to represent primary pollutants from anthropogenic sources. PM 2.5 concentrations are then estimated by applying factors to these tracers which are calibrated with observations. The factors are based on physical phenomena including the relative contribution of wood-burning stove and traffic tracers to episodes by city, the increase in emission activity on weekend nights, and the temperature dependence of wood-burning-stove emissions. The calibration is performed by matching observed and modeled statistics on the total number of episodes predicted by station and by selecting the calibration with the best skill in predicting pollution events.
The calibration and testing are performed for the latest air pollution period available, April-August 2014. Temperature prediction skill tends to be similar from one initialization to another; thus, future implementations could assess modeling emissions using temperature predictions from previous days instead of applying correction factors. The skill of wind speed predictions can change depending on the time of initialization, with the recent ones having better skill from Curicó to the south and an opposite trend in Santiago and Rancagua, likely due to spin-up required to resolve the meteorology for the more complex topography in Central Chile. As PM 2.5 concentrations tend to be correlated to wind speeds, similar trends are found for episode predictions. Skill in predicting wind direction and precipitation also affects the ability to forecast episodes, which might be improved by testing finer grid cell resolution in future implementations. Episode forecasting skill is also modified by other factors such as how often episodes are observed and the number of episodes predicted by each initialization. While overall episode prediction skill varies from 53% to 72%, which is generally better than or similar to persistence, with the best initializations per station presenting skills of 61% to 76%.
An analysis of the PM 2.5 concentrations and wind maps at two cities and for two example events shows that the model can represent episode evolution. For these two events, the largest concentrations occur at nighttime after wind stagnation and rapid accumulation of freshly emitted pollution, which is generally how episodes unfold. This accumulation can often be significant over large regions, including towns with no monitors; thus, the model can be used to suggest locations for future stations. Plumes from the main cities lingering through the night can influence neighboring towns located in the same basin and can add to fresh emissions the next day, increasing pollution levels. PM 2.5 24 h running means can vary drastically between initialization start times as a result of differences in wind fields. Thus, an ensemble approach with multiple initializations per day (e.g., other than 00 UTC, using different global models, using ensemble members from a single global model) could be implemented in the future to assess uncertainties due to initialization and to provide a probabilistic forecast. For the current system, as all initializations show forecasting skill, they should all be used when deciding which episode category to forecast.
The system could be implemented in other parts of the world with complex topography, where strong correlations between particulate matter and anthropogenic tracers exist for severe pollution episodes [e.g., Pataki et al., 2005] and where observations and computational resources may be limited. Positive model performance for 2014 has led the Chilean Ministry of the Environment to implement the system for near real time use during 2015, making it the first deterministic and also the largest national air quality forecasting system in South America used for management of pollution episodes.
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